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ABSTRACT
Ilmenite-type crystals find a variety of technological applications due to their intriguing physical prop-
erties. We present the results of the lattice dynamics studies of honeycomb antiferromagnetic ilmenite
CoTiO3 single crystal by the complementary polarized infrared, Raman, and dielectric spectroscopictechniques that are supplemented by the DFT calculations. The frequencies and symmetries of all
predicted infrared and Raman active phonons were uniquely identified. Furthermore, it was found
that the dielectric permittivity demonstrates distinct changes below antiferromagnetic ordering tem-
perature in zero magnetic field due to spontaneous magnetodielectric effect. Our results establish the
reliable basis for further investigation of the coupling of phonons with spins, magnetic excitations and
other physical phenomena of this promising material.
1. Introduction
Titanate materials ATiO3 have an astonishing variety ofdifferent crystal structures depending on the chemical com-
position, which is manifested in numerous intriguing phys-
ical phenomena such as ferroelectricity, magnetism, mul-
tiferroicity, piezoelectricity, and some others [1]. Among
them, cobalt titanate CoTiO3, which possesses a very sta-ble ilmenite structure in a wide range of temperatures and
pressures [2], has numerous successful industrial applica-
tions such as high-휅 dielectric [3], resonator antenna [4],
catalysts [5, 6, 7], gas sensors [8, 9], a potential anode ma-
terial for Li-ion batteries [10, 11, 12, 13]. From the con-
densed matter physics point of view the CoTiO3 exhibits ex-citing phenomena, e.g., Dirac magnons [14, 15] and mag-
netodielectric coupling [16] whereas isostructural MnTiO3reveals linear magnetoelectric effect [17, 18] and magne-
tochiral dichroism [19]. But further intensive research of
this promising material is inhibited by the lack of complete
information about the phonon spectrum. It is worth not-
ing that up to now, most experimental studies of the lattice
dynamics of ATiO3 materials with ilmenite structure wereperformed on the poly- and microcrystalline samples using
unpolarized far infrared [20, 21, 22, 23, 24, 25] and Ra-
man [26, 27, 28, 29, 30, 31, 32, 33] spectroscopy.
In this paper, we present results on the lattice dynamics
study of CoTiO3 single crystal with ilmenite structure us-
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ing complementary dielectric, far-infrared reflectivity, and
Raman scattering polarized spectroscopic techniques. Ob-
tained experimental results, supplemented by the lattice dy-
namics calculations, allowed us to determine the frequen-
cies and symmetries of infrared and Raman active phonons.
Moreover, we show that the antiferromagnetic ordering leads
to notable changes in the dielectric permittivity in zero mag-
netic field due to the spontaneous magnetodielectric effect.
2. Experimental and Computational Details
The CoTiO3 single crystal was grown by floating zonemeltingmethodwith light heating in oxygen flow using poly-
crystalline powder synthesized with Co3O4 and TiO2 of 4Npurity as describes in details in Ref. [34]. The X-ray ori-
ented single crystal was cut close to normal to the hexag-
onal 푎 and 푐 axes and optically polished. The far-infrared
reflectivity measurements were carried out using Fourier-
transform IR spectrometer Bruker IFS 66v/S in the spectral
range of 50–7500 cm−1 at room temperature. Raman scatter-
ing spectra were measured in the range 15–1200 cm−1 with
the use of FHR1000 (HORIBA) monochromator equipped
by 1200 lines/mm grating, 100 µm entrance slit, liquid nitro-
gen cooled PyLoNCCD camera (Princeton Instruments) and
660 nm excitation laser (Torus, LaserQuantum). Low exci-
tation power of 500 µW was used to avoid the overheating
of an optically dense sample. Electric measurements of di-
electric permittivity were done using precision RLC meter
AKTAKOM AM-3028 in the frequency range from 20Hz
to 1MHz. Electric contacts were deposited on the sample
faces using silver paint to form a capacitor. Measurements
were performed in helium flow cryostat Cryo CRC 102 in the
temperature range from 5 to 400K at continuous heating.
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Figure 1: Crystal structure of ilmenite CoTiO3 with trigonal
space group 푅3 in the (a) rhombohedral and (b) hexagonal
settings. The orange and purple lines indicate the principal
superexchange interaction 퐽1 and 퐽2, respectively. Pictures
were prepared using the VESTA software [42].
Themeasurementswere complemented by lattice dynam-
ical simulations which were performed according to the den-
sity functional theory (DFT) with the B3LYP hybrid func-
tional [35] implemented onCRYSTAL14 package [36]. All-
electron basis sets TZVP [37] for Co, 8-6411(31d)G [38]
for Ti, and 8-411(1d)G [38] for O have been used accord-
ing to Ref. [25]. The reciprocal space integration was per-
formed by sampling the Brillouin zone with the 12 × 12 ×
12 Pack-Monkhorst 푘 mesh. Coulomb and exchange inte-
gral tolerance factors were set to tight values of 10−8, 10−8,
10−8, 10−9, and 10−30. The optimization of crystal struc-
ture was carried out and the experimental lattice parameters
from Ref. [34] were well reproduced with an error of about
1.2%. The phonon spectrum was calculated by means of nu-
merical second derivatives of the total energy as described in
Ref. [39]. The static dielectric tensor, Born effective charges
and phonon intensities were calculated using the CPHF/KS
approach [40, 41].
3. Results and Discussion
CoTiO3 has an ilmenite crystal structure with trigonal
space group 푅3 (퐶23푖, #148, 푍 = 2 in rhombohedral and
푍 = 6 in hexagonal cell). The structure is formed by al-
tering layers of corner sharing CoO6 and TiO6 octaherda,alternately stacked along the 푐 axis in the hexagonal settings
as shown in Fig. 1 [43]. The lattice parameters at room tem-
perature are 푎 = 5.4846Å, 휃 = 55.01° in rhombohedral
setting and 푎 = 푏 = 5.056, 푐 = 13.91Å in hexagonal set-
ting, as shown in Figs. 1a and b, respectively [43, 44, 16, 34].
The hexagonal setting will be used throughout the paper be-
low. The unit cell contains 30 ions occupying the Wyckoff
positions 6푐 (0, 0, 0.3551) for Co2+, 6푐 (0, 0, 0.1456) for
Ti4+, and 18푓 (0.3162, 0.0209, 0.2459) for O2– as shown in
Fig. 1b. Below the Néel temperature 푇푁 = 38K, the 푆 = 32
spins of Co2+ (3푑7) ions, form ferromagnetic honeycomb 푎푏
planes which are antiferromagnetically coupled along the 푐
axis [43, 14], as can be seen in Fig. 1b.
The group-theoretical analysis for the ilmenite CoTiO3predicts 20 phonons [45]
Γtotal = 5퐴푔 ⊕ 5퐸푔 ⊕ 5퐴푢 ⊕ 5퐸푢, (1)
among which there are 2 acoustic Γacoustic = 퐴푢 ⊕ 퐸푢, 8infrared active ΓIR = 4퐴푢 ⊕ 4퐸푢, and 10 Raman active
ΓRaman = 5퐴푔 ⊕ 5퐸푔 phonons, where 퐴 and 퐸 are non-degenerate and doubly degenerate modes, respectively.
3.1. Far-infrared reflectivity
Figure 2 shows the far-infrared reflectivity spectra of the
ilmenite CoTiO3 with polarization of light along the hexag-onal axes at room temperature. These reflectivity spectra are
very similar to observed in the isostructural natural FeTiO3crystal [23]. Four well-resolved bands in accordance with
the symmetry prediction were detected for the both polar-
izations. Reflectivity spectra were analyzed using the gener-
alized oscillator model of complex dielectric function [46]
휀(휔) = 휀1(휔)−푖휀2(휔) = 휀∞
푁∏
푗
휔2푗LO − 휔
2 + 푖훾푗LO휔
휔2푗TO − 휔2 + 푖훾푗TO휔
, (2)
where 휀∞ is the high-frequency dielectric permittivity dueto the electronic polarization contribution, 휔푗LO, 휔푗TO, 훾푗LOand 훾푗TO correspond to longitudinal LO and transverse TOfrequencies and dampings of 푗th infrared active phonon, re-
spectively. 푁 is the number of polar phonons. At near nor-
mal incidence, the reflectivity 푅 is related to the complex
dielectric function by the Fresnel equation [47]
푅(휔) = |||
√
휀(휔) − 1√
휀(휔) + 1
|||2. (3)
Results of fits of experimental data using Eqs. (2) and (3)
are shown by black curves in Figs. 2a and b. There is a good
agreement between experimental data and fits. The spectra
of real 휀1 and imaginary 휀2 parts of complex dielectric func-tion 휀 = 휀1− 푖휀2 calculated using obtained fit parameters areshown in Figs. 2c and d.
Parameters of all predicted 4퐴푢 and 4퐸푢 polar phononswere reliably determined from the fits of experimantal data
and are listed in Table 1. There is a qualitative agreement
between experimental and literature phonon frequencies re-
ceived from powder CoTiO3 sample [20]. Obtained TO andLO phonon frequencies allow us to calculate the dielectric
strength Δ휀푗 of a 푗th phonon using an expression [48]
Δ휀푗 =
휀∞
휔2푗TO
푁∏
푘
휔2푘LO − 휔
2
푗TO
푁∏
푘≠푗 휔
2
푘TO − 휔
2
푗TO
. (4)
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Figure 2: Far-infrared reflectivity spectra of CoTiO3 at room temperature with the electric field of light 푬 polarized along (a) the
푎 axis and (b) the 푐 axis. The black lines are results of fits based on a generalized oscillator model according to Eq. (2). Spectra
of real 휀1 and imaginary 휀2 parts of the complex dielectric function 휀 for (c) 퐴푢 and (d) 퐸푢 phonons, corresponding to the fits.
Blue and magenta vertical dashed lines correspond to 휔TO and 휔LO phonon frequencies obtained from the fit, respectively. The
experimental values of the static 휀0 and high-frequency 휀∞ dielectric permittivities are given. Sticks in the lower parts of the
(c) and (d) panels present the calculated phonon frequencies.
Table 1
Parameters of the IR active phonons in CoTiO3 at room temperature: fre-
quencies 휔푗 (cm−1), dampings 훾푗 (cm−1), and dielectric strengths Δ휀푗 . The
results of DFT calculations are presented in parenthesis.
Sym. 풋 흎푗TO 휸푗TO 흎푗LO 휸푗LO 횫휀푗
퐸푢
1 225.6 (228) 12.3 228.4 (232) 11.8 1.11 (1.39)
2 286.9 (291) 20.7 346.8 (350) 23.4 11.03 (9.3)
3 415.6 (417) 33.4 459.3 (467) 27.3 4.9 (3.41)
4 475.3 (520) 66.5 753.6 (786) 34.3 1.61 (2.83)
휀opt0 = 23.83 (22.07) 휀∞ = 5.18 (5.14)
퐴푢
1 238.9 (225) 36.9 308.5 (315) 28.7 5.82 (9.16)
2 379.8 (385) 8.5 385.6 (393) 13.4 0.2 (0.29)
3 497.1 (487) 46.6 601.9 (604) 38.3 2.19 (2.27)
4 674.6 (695) 36.7 748.7 (769) 20.2 0.38 (0.4)
휀opt0 = 12.67 (16.38) 휀∞ = 4.08 (4.26)
The optical static dielectric permittivity 휀opt0 can be obtainedby adding the dielectric strengths over all polar phonons ac-
cording to expression
휀opt0 = 휀∞ +
푁∑
푗
Δ휀푗 . (5)
Values of the Δ휀푗 for all polar phonons and 휀opt0 are listedin Table 1. It is worth noting that, in CoTiO3 the values of
휀opt0 along the 푎 and 푐 axes differ by about 2 times indicatingstrong anisotropy of the dielectric permittivity. Moreover,
the high-frequency dielectric permittivity 휀∞ is also signifi-cantly different for the main crystallographic axes, as shown
in Figs. 2a and b.
We performed the DFT calculations of lattice dynamics
at the Brillouin zone center of the ilmenite CoTiO3. The ob-tained TO and LO frequencies of the polar phonons are given
in parenthesis in Table 1 and are shown by sticks in Figs. 2c
and d. The experimental phonon frequencies are slightly less
than calculated due to the anharmonic effects appearing at
room temperature [49]. Nevertheless, there is a good agree-
ment between experimental and calculated results. Further-
more, the strong anisotropy of 휀opt0 and 휀∞ dielectric permit-tivity were also well reproduced in our computations. We
add that a strong dielectric anisotropy has been theoretically
predicted for isostructural FeTiO3 [50] andMgTiO3 [51] andexperimentally observed in CdTiO3 [25] ilmenite crystals.TheDFT calculations also provide the normalmode eigen-
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Figure 3: Schematic representation of ionic displacements in the Brillouin zone center in CoTiO3 for polar (a,c) 4퐸푢 and
(b,d) 4퐴푢 TO and LO phonons the in two projections according to the DFT calculations. For clarity, the crystallographic axes are
shown for the hexagonal setting. The relative amplitudes of vibrations are illustrated by arrows. The experimental and calculated
values of phonon frequencies (cm−1) are given.
vectors for ions. Figure 3 shows obtained ionic displacement
patterns for all infrared active 4퐸푢 and 4퐴푢 phonons in il-menite CoTiO3. It was found that the TO and LO modes ofthe 퐸푢 symmetry are related to the 푎푏 plane vibrations of Coand Ti ions, as can be seen in Figs. 3a and c, respectively.
Whereas the 퐴푢 phonons mainly represent the vibrations ofCo and Ti ions along the 푐 axis for both TO and LO modes
(see Figs. 3b and d). For all infrared active phonons the
movements of oxygen anions correspond to the asymmet-
ric breathing. It is worth noting that the calculated pattern
of vibrational eigenvectors in ilmenite CoTiO3 are close tothe data for isostructural CdTiO3 [25] and MgTiO3 [24].Figure 4 shows as stacked bar graphs the calculated aver-
age displacement of ions for 4퐸푢⊕4퐴푢 infrared (left panels)and 5퐸푔 ⊕ 5퐴푔 Raman (right panels) active phonon modes.For 퐸푢 and 퐴푢 modes, the displacements of Co ions are sig-nificant only for low-frequency phonons as can be seen on
the left panel in Fig. 4. Apparently, this is due to the fact
that Co is the heaviest ion in this crystal. The average am-
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Figure 4: Average displacements of ions for infrared (4퐸푢 ⊕
4퐴푢) and Raman (5퐸푔⊕5퐴푔) active phonon modes in ilmenite
CoTiO3 according to the DFT calculations.
plitudes of Ti and O ion vibrations are depend on phonon
modes more weakly. For some phonons, there is a signif-
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Figure 5: Raman scattering spectra of CoTiO3 at room temperature. Linear background and weak quasielastic tail are subtracted.
Insets shows crystal structure projections in the 푎푐- and 푎푏-planes in left and rights plots, respectively. Arrows represent the
polarization of incident (풆푖, solid outline) and scattered (풆푠, dashed outline) light with respect to the crystallographic axes. The
intensity of bottom plots is scaled by ×2 to compensate weaker scattering in crossed polarizations. Vertical dashed and dotted lines
correspond to calculated frequencies for 퐴푔 and 퐸푔 phonons, respectively. Numbers represent frequencies of the corresponding
phonon modes.
icant difference in average displacements between TO and
LO modes. Thus, for 퐸푢 phonons with 푗 = 2 and 3 theamplitudes of Ti displacements for the TO modes are much
larger then for the LO modes.
3.2. Raman scattering
Raman scattering is a powerful technique allowing ob-
servation of different types of even excitations. As suggested
in Ref. [14] Raman technique could be applied for observa-
tion of bulk and surface magnons deep in the antiferromag-
netic phase of CoTiO3, however the reliable assignment ofthe bulk lattice modes is required beforehand. There are a
few reports on Raman scattering studies of CoTiO3, how-ever they all were done on powder [28] and polycrystalline
samples [31], which do not allow definitive determination of
the phonon symmetries.
CoTiO3 is a challenging crystal for Ramanmeasurementsdue to its high optical density leading to poor scattering effi-
ciency and unavoidable overheating. These restrictions can
be avoided by choosing appropriate excitation line corre-
sponding to one of the transparency windows. Two sets of
spectra were recorded in the 푎푐 and 푎푏 planes, respectively,
with the light linearly polarized along principal crystal axes,
as well as for some intermediate directions, as shown in in-
sets in Fig. 5. As expected, the퐴푔 modes are isotropic in the
푎푏 plane, while showing considerable intensity difference in
푎푐 plane, according to scattering tensors Eq. (6) suggesting
considerable difference in the 푎 and 푏 tensor elements for all
modes.
퐴푔 =
⎛⎜⎜⎝
푎 0 0
0 푎 0
0 0 푏
⎞⎟⎟⎠ , E푔 =
⎛⎜⎜⎝
푐 푑 푒
푑 −푐 푓
푒 푓 0
⎞⎟⎟⎠ (6)
Table 2
Phonon frequencies (cm−1) in comparison with results of
DFT calculations, shown in parentheses. Full width at
half maxima (FWHM, cm−1) measured for polarization
where the corresponding mode is strongest.
Symmetry Mode Frequency FWHM
퐸푔
1 209 (214) 5.7
2 268 (273) 11.2
3 336 (323) 10.3
4 455 (474) 20.9
5 601 (608) 32.0
퐴푔
1 163 (164) 6.8
2 240 (250) 6.7
3 383 (389) 6.4
4 483 (477) 15.8
5 693 (712) 25.0
Small leakage of phonon modes is expected due to the
light depolarization on optical elements and minor misalign-
ment of the sample axeswith respect to the light polarization.
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Figure 6: Schematic representation of ionic displacements in the two projections in CoTiO3 for Raman active (a) 5퐸푔 and
(b) 5퐴푔 phonons in the Brillouin zone center according to the DFT calculations. The relative amplitudes of vibrations are shown
by arrows. The experimental and calculated values of phonon frequencies (cm−1) are given.
All even Raman-active modes predicted by symmetry anal-
ysis (see Eq. (1)) were observed in the range 150–800 cm−1
with their individual frequencies summarized in Table 2. Gen-
erally, the frequencies of these modes are in a good accor-
dance with the results of DFT calculations, however they are
slightly softer due to anharmonic effects at finite, room in
our experiments, temperature, similar to the case of the po-
lar phonons.
Notably, the phonon of the highest frequency 693 cm−1
has strongly asymmetric shape, and can bymore or less equally
good described by two symmetric or one asymmetric Voigt
profiles. In Ref. [31] this asummetric mode was interpreted
as the two separate ones. The shape of this mode is simi-
lar in all polarizations, and there is no any additional modes
at this energy according to the DFT calculations. It seems
unlikely that there is an additional mode with frequency ≈
711 cm−1, e.g., created by two-phonon scattering processes
having nearly the same Raman tensor elements responsible
for the 693 cm−1 excitation, and therefore we may conclude
that its asymmetry is intrinsic.
The 푏∗(푐′푐′)푏∗ geometry allows the simultaneous obser-
vation of all the even phonon modes with considerable in-
tensity. Having complete information of relative intensity of
the modes, the polarized Raman scattering can be regarded
as a supplementary tool for the easy and fast orientation of
CoTiO3.Figure 6 shows the ionic displacement patterns for 5퐸푔and 5퐴푔 Raman active modes in ilmenite CoTiO3 which aresimilar to those for isostructural CdTiO3 [33] andMgTiO3 [29].According to symmetry analysis, displacements of Co and
Ti ions occur in the 푎푏 plane for all 퐸푔 modes, while for
퐴푔 modes these ions move along the 푐 axis. For the lowest-frequency 퐸푔 and 퐴푔 phonons the opposite directional dis-placements of Co ions are significant, as can be seen on the
right panels in Fig. 4. The average displacements of Ti ions
are predominant for the 퐴푔 mode with 푗 = 2. It should be
R. M. Dubrovin et al.: Preprint submitted to Elsevier Page 6 of 11
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Figure 7: The calculated bond angle changes Δ휙∕휙0 of the
superexchange (a) 퐽1 and (b) 퐽2 interactions due to the ionic
displacements for (c,d) 퐸푢, (e,f) 퐴푢, (g,h) 퐸푔 and (i,j) 퐴푔
optical phonons, respectively. Additionally, Raman active 퐸푔
and 퐴푔 phonons dynamically change distances Δ푟∕푟0 of the
direct exchange between nearest neighbor Co ions as shown
by the red squares. Arrows represent the spin directions. The
average values of angles and distance of superexchange paths
for both 퐽1 and 퐽2 exchange interactions are given.
noted that the 퐴푔 modes with 푗 = 1, 2 are characterized byrelatively small average displacements of O ions as shown
in Figs. 4 and 6b. For other 퐴푔 modes, the average displace-ments of Co and Ti ions are relatively small. The displace-
ments of Ti and O ions for퐸푔 phonons are characterized by anon-monotonic dependence on vibrational modes as shown
in Fig. 4.
[33]
3.3. Dynamical modulation of the superexchange
interactions by phonons
The spin-phonon coupling give rise a numerous intrigu-
ing physical phenomena in magnetic materials [52]. This
coupling manifest itself in shifts of the phonon frequencies
due to magnetic ordering and originates from the modula-
tion of the superexchange integrals by lattice vibrations. It is
known that the superexchange interaction strongly depends
on thewave function overlap of the electron clouds and, there-
fore, is extremely sensitive to the relative distances and bond
angles between magnetic ions [53, 54]. The DFT calcula-
tions allowed us to estimate the relative magnitude of the
dynamical changes of the geometric superexchange paths
caused by ionic displacements shown in Figs. 3 and 6. The
magnetic structure of ilmenite CoTiO3 can be adequately de-scribed by the two exchange integrals with the values 퐽1 =
−4.5meV and 퐽2 = 0.6meV [14].The anisotropic ferromagnetic 퐽1 interaction within the
푎푏 planes is formed by the direct cation-cation exchange cou-
pling between the nearest-neighbor cations and the 90◦ cation-
anion-cation superexchange coupling [55] as shown in Figs. 1b
and 7a. The displacements of ions for infrared active퐸푢 and
퐴푢 phonons shown in Fig. 3 lead to a dynamic change of thesuperexchange Co–O–Co bong angles Δ휙∕휙0. For Ramanactive퐸푔 and퐴푔 phonons the vibrations of ions (see Fig. 6),besides the bond angles, also lead to dynamical changes of
the relative distanceΔ푟∕푟0 of the direct Co–Co exchange in-teraction. The isotropic antiferromagnetic superexchange 퐽2interaction occurs via next-nearest-neighbor coupling along
the cation-anion-anion-cation path in the direction of the 푐
axis [55] as shown in Figs. 1b and 7b. For the 퐽2 interactionall lattice vibrations dynamically change bond angles 휙1 and
휙2 of the Co–O–O–Co path only.Figures 7c–j present the calculated relative changes of
angles (bars) and distance (squares) for superexchange 퐽1and 퐽2 interactions for studied phonons. Analysis of theobtained results allows us to predict the relative values of
the phonon frequency shifts at antiferromagnetic ordering
caused by the spin-phonon coupling. Since the absolute value
of 퐽1 is almost an order of magnitude larger than 퐽2, we tookinto account only the effects of the strongest exchange inter-
action on the phonon frequencies. We predict that the spin-
phonon coupling should manifest itself for polar 퐸푢 and 퐴푢phonons proportional to the dynamical modulation of the 휙
angle (see Figs. 7c and d). Furthermore, for the 퐸푢 with
푗 = 3 phonon the significant spin-phonon coupling is ex-
pected for 휔TO, while for 휔LO this effect is expected to bemuch weaker. One may expect that a change in the rela-
tive distance 푟 between Co–Co ions has a stronger effect on
the 퐽1 interaction than the bond 휙 angle. Thus, the largestfrequency shifts are expected for the Raman active 퐸푔 and
퐴푔 phonons with frequencies 163, 209, 336 and 455 cm−1due to dynamic modulation of the direct distance Δ푟∕푟0 asshown in Figs. 7g and i. It should be noted that possible de-
viations between the predicted and experimentally observed
phonon frequency shifts may be related to magnetoelastic
coupling [56], strong anisotropy of 퐽1 [14] and effect of 퐽2interactions. Nevertheless, all these computational predic-
tions require experimental confirmation.
3.4. Dielectric spectroscopy
Temperature dependencies of the dielectric permittivity
and dissipation factor in CoTiO3 in the temperature range5–400K at frequencies from 5 kHz to 1MHz are shown in
Fig. 8. The absolute values of the 휀0 were normalized to thecorresponding quantities from far-infrared reflectivity. Sig-
nificant increase of the dielectric permittivity with essential
frequency dispersion is observed at high temperatures for
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Figure 8: Temperature dependencies of the (a), (b) dielectric permittivity and (c), (d) dissipation factor at the indicated
frequencies in CoTiO3 along the 푎 and 푐 axes, respectively. Insets in (a) and (b) show changes of 휀0(푇 ) at 100 kHz below 푇푁
due to antiferromagnetic ordering for relevant axes. The black lines are the expected behavior of 휀NM0 assuming absence of
antiferromagnetic ordering. The green lines are fits of the shifts due to spontaneous magnetodielectric effect according to Eq. (7).
Arrhenius plots obtained from dissipation factor data are shown on insets in (c) and (d) for 푎 and 푐 axes, respectively.
both main axes, as can be seen in Figs. 8a and b. More-
over, the dissipation factor demonstrate peaks in the same
temperature range which are also frequency dependent and
obey the Arrhenius law 푓 = 푓0 exp
− 퐸푎
푘퐵푇
as shown on in-
sets in Figs. 8c and d for 푎 and 푑 axes, respectively. The
obtained values of activation energy 퐸푎 = 0.35 and 0.38 eVare close to the those for ceramic sample of CoTiO3 fromRef. [57]. This relaxation process is apparently due to hop-
ping conductivity [58] which was previously observed in the
related inverse spinel Co2TiO4 [59] and some other oxidecrystals [60, 61, 62].
The distinct anomaly in the temperature dependence of
the dielectric permittivity is observed for both 푎 and 푐 axes
at 푇푁 = 38K due to to the antiferromagnetic ordering, asshown on insets in Figs. 8a and b, respectively. It is inter-
esting to note that in MnTiO3 which are isostructural butwith different magnetic structure the anomalies of the dielec-
tric permittivity below 푇푁 were observed only in an externalmagnetic field [17]. The expected behavior of the dielectric
permittivity 휀NM0 assuming absence of antiferromagnetic or-dering at low temperatures is shown by black lines on insets
in Figs. 8a and b. The deviation of 휀0(푇 ) from the expectedbehavior of 휀NM0 (푇 ) below 푇푁 due the spontaneous magne-todielectric effect was fitted by expression [63]
Δ휀MD(푇 ) = 훼⟨푆푖 ⋅ 푆푗⟩, (7)
where 훼 is a coefficient and ⟨푆푖 ⋅ 푆푗⟩ is the spin-pair corre-lation function between nearest-neighbor spins, which was
represented as the squared Brillouin function for simplic-
ity [64]. There is a good agreement between experimental
(red) and fit (green) lines on insets in Figs. 8a and b.
Obtained values of spontaneous magnetodielectric effect
accounts for about 훼 = 0.28 and 0.12 for the 푎 and 푐 axes,
respectively. It is worth noting that these values 훼 are com-
parable in magnitude as those observed in polycrystalline il-
menites CoTiO3 and NiTiO3 [16]. However, in our experi-ments the spontaneousmagnetodielectric effect is positive in
CoTiO3, i.e., it leads to increase of the dielectric permittivitybelow 푇푁 for the both main crystallographic axes whereas inpolycrystalline sample this effect was negative [16]. More-
over, the temperature behavior of Δ휀MD in single crystal of
CoTiO3 is similar to that observed in NiTiO3 with the samecrystal and magnetic structures [16].
The spontaneous magnetodielectric effect can be caused
by discussed above the dynamicalmodulation of the exchange
interaction by infrared active phonons [65] and by direct crys-
tal volume changes at magnetic ordering due to magnetoe-
lastic coupling [66]. It was suggested that the magnetodi-
electric effect in ilmenite NiTiO3 single crystal is mainly re-lated to the magnetoelastic coupling [56]. Also, the sponta-
neousmagnetostrictionwas experimentally observed in isostruc-
tural FeTiO3 [67]. It is interesting to note that in the re-lated inverse spinel Co2TiO4 no anomaly in the temperaturedependence of the dielectric permittivity at the ferrimag-
netic phase transition was revealed [59]. In our opinion, the
observed spontaneous magnetodielectric effect in ilmenite
CoTiO3 has a primarily magnetoelastic origin whereas the
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effect of spin-phonon coupling is less pronounced. This sug-
gestion is confirmed by the fact that not only the dielectric
permittivity, but also the dissipation factor shows changes
due to the antiferromagnetic ordering as can be seen on in-
sets in Figs. 8c and d. Further experimental studies of the lat-
tice dynamics at low temperatures of ilmenite CoTiO3 couldreveal more deep insight into the origin of the magnetodi-
electric coupling.
4. Conclusions
In summary, we report the results of detailed lattice dy-
namics studies of cobalt titanite CoTiO3 single crystal withilmenite structure using complementary dielectric, far-infrared,
and Raman polarized spectroscopic techniques. Obtained
experimental results, supplemented by theDFT calculations,
allowed us to reliably identify the frequencies and symme-
tries of all predicted infrared and Raman active phonons. It
was shown that the antiferromagnetic ordering is accompa-
nied by changes the low-frequency dielectric permittivity in
zero external magnetic field due to the spontaneous magne-
todielectric effect. We believe that our results will stimulate
further research in deep of CoTiO3 and other ilmenite-typecrystals.
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